The activities of several enzymes of polymyxin B-treated dormant and germinated spores of Bacillus suhtilis were examined. The particulate NADH oxidase of the antibiotic-treated spores showed considerably lower specific and total activities compared with those of untreated ones. The specific and total NADH oxidase activities of untreated spores increased 12-and 15-fold re s pec ti v e 1 y d u r i n g g e r m i n at i on, w he re as i n c re a se s d u r i ng germ i nation of pol y m y x i n B -t r e a t ed spores were inhibited. The specific and total activities of particulate NADH cytochrome c reductase of dormant spores were decre'ised by polymyxin B treatment in almost the same proportion as those of the particulate NADH oxidase. The specific activity of NADH dehydrogenase of dormant spores remained unchanged after antibiotic treatment but the total activity fell considerably. The activities o f other enzymes examined were similar for untreated dormant and germinated spores and anti biotic-treated spores. The respiration of polymyxin Btreated dormant spores was inhibited at the same time as the start of germination. Morphologically, polymyxin B-treated dormant spores lost a laminar structure of the cortex and details of the spore protoplast. The inhibitory mechanism of particulate NADH oxidase activity of polymyxin B-treated dormant spores is discussed.
with the same buffer, and used as antibiotic-treated germinated spores. Polymyxin B-treated dormant spores were incubated at 37 "C for 2 h in sterile 100 mM-CaClz solution (about 3.1 x lo* spores ml-l, final concentration), washed five times with sterile 20 mM-phosphiite buffer (pH 7.2), and used as polymyxin B-and CaC1,-treated dormant spores. Subsequently, these spores were also germinated in 20 mM-phosphate buffer (pH 7.2) containing 20 mM-L-alanine. Untreated dormant spores (about 5.1 x lo* spores ml-I) were germinated as described above in the presence of 64 pg polymyxin B ml-' or 100 pg chloramphenicol ml-I.
Preparation oj'soluble irnd pnrticulatP.fructi(~?ls. A 10 ml sample of a thick spore suspension (about 10' I spores ml-I in 50 mwphosphate buffer, pH 7.9, together with 10 g 0.25 to 0.45 mm diameter glass beads, were treated in a 20-kc sonic oscillator (Kubota Insonator Model 200 M) at 2-4 "C at 1.4 A and at 160 W for 30 min for dormant spores and for 10 min for germinated spores. The broken cell suspension was centrifuged at 10700g for 30 min at 4 "C. The supernatant was centrifuged at 100000g for 3 h at 4 "C and separated into soluble and particulate fractions; for dormant spores the dipicolinic acid was removed by freezing before ultracentrifugation (Tochikubo & Yasuda, 1983) . The particulate fraction obtained by ultracentrifugation was suspended in a small volume of 50 mwphosphate buffer (pH 7.5). Dormant s p x e s were also sonicated in the presence of various concentrations of polymyxin B dissolved in 50 mM -phosphate buffer (pH 7.5) and soluble and particulate fractions prepared as described above.
Enzywze assciys. Particulate NADH oxidase m d soluble NADH oxidase (EC I . 6.99.2) were assayed at 37 "C by measuring the decrease in absorbance at 340 nm of NADH as previously described (Tochikubo, 1971 ; Tochikubo, 1974) ; 0.3 pmol flavine mononucleotide was added to the assay cuvette containing soluble NADH oxidase. The activity of particulate NADH oxidase was also measured after standing at 0 "C for 4 h in the presence of various concentrations of polymyxin B. NADH dehydrogenase (EC 1.6.99.3) activity was followed spectrophotometrically at 37 "C and at 600 nm. The test system contained 1 pmol 2,6-dichlorophenolindophenol (DCIP), 0.5 pmol KCN, 0.6 pmol NADH, 30C pmol phosphate buffer (pH 7.9, and 0.01 to 0.05 ml sample. The volume was made up to 3.0 ml in the cuvette (1 cm light path) by the addition of deionized water and the reaction was initiated by the addition of NADH. NADH cytochrome c reductase (EC 1.6.99. 3) activity was measured at 37 "C and at 550 nm in the same manner as NADH dehydrogenase except that the risssay cuvette contained 0.1 pmol cytochrome c in place of DCIP. .\lanine dehydrogenase (EC 1.4.1.1) and glucose-6-phosphate dehydrogenase (EC 1 . I . I .49 ) were assayed at 37 "C by measuring NADH and NADPH formation at 340 nm, respectively, as previously described (Nitta et ul., 1974; Tanahashi et a f . , 1976); for glucose-6-phosphate dehydrogenase, 0.1 pmol MgCIZ was added to the assay cuvette. The activity of alkaline phosphatase (EC 3. I . 3 . I ) was measured according to f he method of Glenn & Mandelstam (197 I). Enzyme solution (0.05 ml) was added to 0.6 ml25 mM-borate/NaOH buffcr (pH 10.0) containing p-nitrophenyl phosphate and incubated at 37 "C. After colour development, 3.0 ml0.02 M -N~O H was added to stop the reaction and the molar absorption at 410 nm was measured. For catalase (EC 1 . I 1 . I .6) enzyme solution (0.05 ml) was added to 0.6 ml 25 mMphosphate buffer (pH 7.2) containing 1.57; ( v / i ) H , 0 2 and incubated at 37 "C. After incubation, 3.0 ml 0.66 M-H2S0, was added to stop the reaction and the decrease in absorbance at 250 nm of H,O, was measured (Chance & Maehly, 1960) .
The following molar absorption coefficients were used: 6.22 mM-' cm-' at 340 nm for NADH and NADPH; 21 mM-' cm-I at 600 nm for DCIP; and 19 mM-' cm-' at 500 nm for cytochrome c. Each activity was calculated from the linear portion of the time course immediately after the reaction was started.
Protein was determined by the Lowry mett'od. Microbiological assay qf'polym.vsin B. The polymyxin B released from the antibiotic-treated dormant spores during germination or in CaCIz solution was measured quantitatively by an antibiotic assay, using the spores of B. suhtilis as a test organism. A 0.2 ml sample of the spore suspension (about lo7 spores ml-I) was added to 19.8 ml sterile streptomycin agar (Difco), and this was poured into a sterile Petri dish. After solidification, four cups per plate were cut out with a hard steel punch (outs:de diameter, 8.6 mm). Polymyxin B-treated dormant spores were incubated at 37 "C for 2 h in heart infusion broth, in 20 mM-phosphate buffer (pH 7.2) containing 20 mM-Lalanine, and in 100 mM-CaCI, solution, and centrifuged to remove the spores. The supernatant fluid was filtered through a Millipore membrane filter and used a s test solution. Polymyxin B dissolved in heart infusion broth, in 20 mwphosphate buffer (pH 7.2) or in 100 mM..CaClz solution, diluted by a twofold serial dilution method, was used as a standard solution. A 0.15 ml sample of the test or standard solution was pipetted into a cup. After standing at 4 "C for 15 h to allow diffusion of polymyxin B, the plate was incubated' at 37 "C for 8 h. The diameter of an inhibitory zone on the surfrice of the mcdium was measured with a needle-point caliper.
The amount of polymyxin B in the soluble fractions of polymyxin B-treated dormant and germinated spores, polymyxin B-and CaC1,-treated dormant spores, and dormant spores sonicated in the presence of various concentrations of polymyxin B was measured as described above. In this case antibiotic dissolved in 20 mMphosphate buffer (pH 7.2) was used as the standard solution.
Kcsp'irurion mc'asurc'mcnf. Untreated, polymy,.in B-treated or polymyxin B-and CaCI,-treated dormant spores were suspended in 50 mM-phosphate buffer (pH 7.2) to give about 5 6 x 108 spores ml-'. A 3.6 ml sample of the spore suspension was saturated with O? by gently bubbling air through the solution. Monitoring of O2 consumption was started at the same time as the initiation of germination by the addition of 3 pmol L-alanine. O? consumption was determined at 37 "C in a stirrcd cell suspension with a Fieldlab oxygen analyser (Beckman Instruments) in the presence and absence of 0 4 pmol NADH. The rate of 0, consumption was continually monitored up to I20 min and plotted as pmol O2 (IO" spores)-' ml-I consumed at the indicated time in Fig. 2 
(h).
E k t r o n micro.vcopj,. Dormant spores were fixed by the triple-fixation method with a sequential application of S o , (v/v) glutaraldehyde. I "A (w/v) osmium tetroxide (OsO,), and 27; (w/v) potassium permanganate as previously described (Kozuka & Tochikubo, 1983 ) and suspended in molten 2"/, (w/v) agar. After solidification, the agar was cut into 1 mm cubes. The agar cubes were dehydriited by passage through an ethanol series, substituted by n-butyl glycidyl ether, and embedded in Quetol 653 (Ku<hida, 1980) . Germinated spore samples were prefixed in 2.50; (v'v) glutaraldehyde for 3 h at 4 ' C and centrifuged at 1500 g. The pellet was suspended in 1 ml 1 0.6 (wlv) OsO, and 0.1 ml tryptone medium (Difco) (Kellenberger c'i NI., 1958) and was fixed overnight at room temperature. After washing with Kellenberger buffer (Kellenberger tvr al., 1958) , the cell pellet was fixed in 0.5% (w/v) uranyi acetate and suspended in molten 2% (w/v) agar. The agar was cut into 1 mm cubes and treated as described above. Sections were cut on a Porter-Blum M T ultramicrotome, stained with 6% (w/v) uranyl acetate and Reynolds lead citrate (Reynolds, 1963) , and examined in a JEOL JEM-200CX electron microscope at an accelerating voltage of 200 kV.
Chemicals. NAD, NADP, N ADH and glucose 6-phosphate were purchased from Boehringer-Mannheim. Crystalline cytochrome c, prepared from Candido krusei, was purchased from Sankyo, polymyxin B sulphate from Sigma, DCIP and OsO, from Merck, and Quetol 653 from Nisshin EM. All other chemicals were of the finest grade.
R E S U L T S

Enzjwie aciizities of antihiotic-treated dormant and germinated spores
The activities of several enzymes were examined to elucidate the effect of polymyxin B and colistin treatment on dormant and germinated spores. The particulate N A D H oxidase of untreated dormant spores showed high specific and total activities, which increased 12-and 15-fold respectively during germination (Table 1) . Polymyxin B treatment decreased the specific and total activities of particulate NADH oxidase of dormant spores by 70 and SO%, respectively. The specific and total N ADH oxidase activities of polymyxin B-treated germinated spores increased to about three and six times those of the corresponding dormant spores and their values were similar to those of untreated dormant spores (Table 1) . Treatment with colistin also resulted in a decrease in the specific and total NADH oxidase activities of dormant and germinated spores, but the extent of inhibition was less than that due to polymyxin B treatment ( Table 1) . Calcium treatment after exposure to polymyxin B did not restore either specific or total enzyme activities of dormant spores whereas those of germinated spores were almost completely restored ( Table 1) . Spores germinated in the presence cf polymyxin B had almost the same specific and total activities of particulate NADH oxidase as those of polymyxin B-treated germinated spores (Tables 1 and 2 ). The specific and totai activities of the spores germinated in the presence of chloramphenicol were about 84 and 85 (x of those of untreated germinated spores, respectively (Table 2) .
When the particulate fractions from untreated spores were incubated at 0 "C for 4 h in the presence of polymyxin B, the activity of particulate NADH oxidase fell to a similar value for both dormant and germinated spores as the concentration of antibiotic increased (Fig. 1) .
The specific and total activities of alkaline phosphatase in the particulate fraction of polymyxin B-and colistin-treated dormant spores were lower than those of untreated ones, but in germinated spores the enzyme showed almost similar specific and total activities regardless of polymyxin B or colistin treatment (Table 1) .
The specific and total activities of catalase, NADH oxidase, alanine dehydrogenase and glucose-6-phosphate dehydrogenase in the soluble fractions of dormant and germinated spores exhibited little or no differences after polymyxin B or colistin treatment except that the soluble fraction from polymyxin B-and colisti n-treated germinated spores had about one-half the specific and total activities of alanine dehydrogenase compared with that of untreated germinated spores (Table 3) .
Comparison of particulate N A D H oxidase, N A D H dehydrogenase and N A D H cytoc,'zrome c reductase activities
The extent of the decrease in specific and total activities of N A D H oxidase in the particulate fraction of polymyxin B-treated dormant spores corresponded more to that of the specific and total activities of NADH cytochrome c reductase than to that of NADH dehydrogenase (Table  4) . The same result was obtained also nith polymyxin B-and CaClz-treated dormant spores (Table 4) , with dormant spores sonicated in the presence of 7 or 10 mg polymyxin B (Table 4) , and with polymyxin B-treated germinated spores (data not shown). The specific activity of NADH dehydrogenase of dormant spclres was not significantly affected by polymyxin B treatment (Table 4) .
As can be calculated from Table 4 , the rrotein content in the particulate fraction of polymyxin B-treated dormant spores was considerably lower than that of untreated spores and the protein content of the particulate fraction of dorrnant spores sonicated in the presence of polymyxin B decreased as the concentration of the antibiotic was increased. spores, no detectable concentration of the antibiotic was released from polymyxin B-and CaC1,-treated ones. The soluble fraction of polymyxin B-treated germinated spores contained about 290pg polymyxin B. When dormant spores were sonicated in the presence of various concentrations of the antibiotic, no detectable concentration of antibiotic was present in the soluble fractions from dormant spores sonicated at 6 5 mg polymyxin B.
Quantity qfpolynryxin B in the soluble jraction
Quuntitj? of'polymy.uin B released during germination and by treatment brith CaCl,
The amount of anti biotic removed from polymyxin B-treated dormant spores during germination and by treatment with CaClz was determined. Approximately 2.1 x los spores (13) ml-1 in heart infusion broth or in 100 mM-phosphate buffer (pH 7.2) containing 20 mM-Lalanine (the physiological germinant for B. subtilis spores) released no detectable concentration of polymyxin B, but in 100 m~-Tris/HCl buffer (pH 7.5) containing 100 mM-CaC1, about 3.3 pg ml-' was released. However, this concentration was about one-quarter of the minimum inhibitory concentration (MIC; 12.5 pg ml-I ; Tochikubo et al., 1981) for the same number of dormant spores. When 2.4 times the number of polymyxin B-treated dormant spores (5.1 x lox spores rn1-l) were incubated in heart infusion broth or in 20 mM-L-alanine, 5.3 and 6.1 pg polymyxin B ml-I were released. These values represent one-quarter to one-fifth of the MIC (25 pg ml-l) for the same number of dormant spores. In 100 mM-CaC1, solution they released 10 pg polymyxin B ml-I, which was less than one-half of the MIC.
Respiration during germinatim of polymyxin B-treated dormant spores
Although the germination rate was slightly stimulated compared with untreated dormant spores (Fig. 2a) , the respiration of polyrnyxin B-treated dormant spores was inhibited at the same time as the start of germination anti the inhibition of respiration after 120 min was more than 90% (Fig. 2h) . Subsequent treatment with CaCl, before germination restored the respiration of polymyxin B-treated dormant spores to that of untreated spores (Fig. 2b) . Similar results were also obtained in the absence of NADH (data not shown).
Morphologicd changes of polywiy uin B-treated dormant and germinated spores
The majority of untreated dormant spores demonstrated a laminar cortex and a spore protoplast with a clear roundish germ cell wall and granules (Fig. 3a) , whereas a considerable number of polymyxin B-treated dormant spores lost structural details of the cortex and the spore protoplast, and moreover, the latter was irregular in form (Fig. 36) . Insufficient infiltration of resins was also observed.
The untreated germinated spores 2 h after incubation in 20 mM-L-alanine solution showed a thinness of the spore coat, a diminution in size of the cortex, a swollen core, a cell wall, some mesosomes and D N A fibrils (Fig. 4a) . Fig. 4(6) shows a thin section of the germinated spores derived from polymyxin B-treated dormant spores after incubation for 2 h in 20 mM-L-alanine solution.
The spore core appears irregular in form and the thin cell wall was detached from the cytoplasmic membrane in some places. Moreover, the cytoplasm was densely homogeneous and not granular, and the nuclear material was not visible. These features are in agreement with those of the germinated spores derified from polymyxin B-treated dormant spores after incubation for 3 and 24 h in heart infiision broth (Hayakawa et al., 1981) . Electron micrographs of the spores germinated in the presence of chloramphenicol and polymyxin B resembled those of untre.ited germinated spores and polymyxin B-treated ones, respect i v e 1 y (data not shown ) .
D I S C U S S I O N
The basic polypeptide antibiotic polymyxin B kills bacteria by interaction with the cytoplasmic membrane (Few, 1955; Newton, 1956; Storm eta/., 1977) . The mode of action may be an irreversible breakdown of the permeability barrier of the membrane (Imai et a/.. 1975) .
The activity of particulate NADH oxidase of polymyxin B-treated dormant spores was considerably lower when compared u ith that of untreated ones, and the antibiotic treatment inhibited the remarkable increase in particulate NADH oxidase activity during germination (Table I ) as well as growth after germination (Tochikubo et ul., 1981 ; Hayakawa et ul., 1981) . Although the enzyme activity of polyn?yxin B-and CaCI,-treated dormant spores was inhibited to the same extent as that of polymyxin B-treated spores (Tables 1 and 4) , they recovered the growth ability after germination (Tochikubo et al., 1981) . It is therefore necessary to distinguish between the effect of polymyxin B on enzyme activity and that of the antibiotic on growth after germination. Polymyxin B treatment clearly has direct or indirect effects upon the membranous structure of dormant spores which is the site of the electron transport chain and oxidative phosphorylation. At least two possibilities can be considered with regard to the inhibitory mechanism of particulate NADH oxidase activity of polymyxin B-treated dormant spores. The first possibility is that polymyxin B not only binds to the spore coat (Tochikubo c-'t NI., 1981) but can also penetrate to the inner cytoplasmic membrane, leading to the inhibition of respiration. However, since treatment of polymyxin 13-treated dormant spores with CaCI2 reversed the inhibitory effect of the antibiotic on grcwth (Tochikubo et al., 1981) and the activity of particulate NADH oxidase from their germinated spores was almost the same as that from untreated spores (Table I) , it is considerec that an irreversible breakdown of the cytoplasmic membrane did not occur by treatment with the antibiotic. Therefore the antibiotic is not able to reach the cytoplasmic membrane of dormant spores. The second possibility is that interaction of polymyxin B with the outer pericortex membrane of dormant spores can affect the cytoplasmic membrane in some way to inhibit respiration without binding directly to the membrane. In Escherichiu coli and Pstdomonas aerrqinosa perturbation of the outer membrane structure by immobilized polymyxin can indirectly affect bacterial growth and respiration without direct
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interaction of the antibiotic with the cytoplasmic membrane (LaPorte et al., 1977) . The existence of an outer membrane in the dormant spores of Bacillus megaterim has been demonstrated biochemically since the isolated outer integument contains cytochromes, electron transport enzymes and polypeptides (Cra Is-Lighty & Ellar, 1980) and by the morphological observation of variant spores lacking exosporium (Koshikawa et al., 1984) . Accordingly, the second possibility seems most likely. The hnclear structure and irregular form of the protoplast of polymyxin B-treated dormant spores (Fig. 3b) may be due to unsufficient infiltration of fixatives caused by perturbation of the outer membrane. In this case, although the disorder of the outer membrane by polymyxin B does not seem to be recoverable, the cytoplasmic membrane appears to bear the antibiotic damage because of complete reversion of both particulate NADH oxidase activity (Table 1 ) and 0, consumption (Fig. 2h) during germination of polymyxin B-and CaC1,-treated dormmt spores.
Addition of CaClz to polymyxin B-treated dormant spores reverses the electrophoretic mobility within the normal range by releksing the antibiotic bound to the spore coat surface (Tochikuboetal., 1981) . Since 10 pg polymyxin B is released from about 5.1 x 10* spores, about 20 mg polymyxin B will be released from 1@ polymyxin B-treated dormant spores by treatment with 100mM-CaC12. No detectable concentration of the antibiotic was found in the soluble fraction of polymyxin B-and CaC1,-treated dormant spores and therefore the total amount of the antibiotic binding to lo1? spores after CaCl, treatment is < 5 mg. It seems probable that about 20 mg polymyxin B binds to the spore coat and can be easily dissociated by treatment with CaCl,, whereas a small quantity (5 mg anti less) of the antibiotic binds to the outer pericortex membrane and cannot be dissociated by CaClz treatment. Thus the low activity of particulate NADH oxidase of polymyxin B-and CaC1,-treated dormant spores may be due to the inhibitory effect of a small amount of the antibiotic binding to the outer pericortex membrane.
The low activity of particulate NADH oxidase (Table 1 ) and the inhibited outgrowth of polymyxin B-treated germinated sporzs ('Tochikubo et al., 1981) could be due to antibiotic released from the spore coat during germination. It seems that germinating spores directly incorporate the released antibiotic into the inside, since about 89% of the polymyxin B-treated dormant spores are not able to form colories on heart infusion agar plates (Tochikubo et al., 1981) and the respiration of polymyxin B-treated dormant spores was inhibited at the same time as the start of germination (Fig. 2b) . The recovery of growth ability of polymyxin B-and CaC1,-treated dormant spores may be due to the removal of bound antibiotic.
The inhibitory action of polymyxin B on the activity of particulate NADH oxidase may occur during spore fractionation. However, the fcllowing two facts support our opinion that inhibition of the enzyme activity by polymyxin B occurs before spore fractionation : (i) in spite of very low specific and total enzyme activities, the sduble fraction of polymyxin B-and CaC1,-treated dormant spores contained no detectable concentration of the antibiotic; (ii) inhibition of respiration of polymyxin B-treated dormant spores occurred at the same time as the initiation of germination (Fig. 2h) .
The decrease in the specific and total activities of particulate NADH oxidase by polymyxin B treatment agreed well with those for NADH cytochrome c reductase activities but not with those for NADH dehydrogenase activities (Table 4) . The specific activity of NADH dehydrogenase after polymyxin B treatment was almost in agreement with that of untreated dormant spores, but about 64% of the total enzyme activity was lost (Table 4) . This loss originated in the decrease in the protein content from the particulate fraction of polymyxin B-treated dormant spores. If the protein content of the latter is corrected to the same protein content as that of untreated spores in Table 4 , 93% of the total enzyme activity was recovered. This suggests that there is little or no decrease in the total activity of NADH dehydrogenase by a specific action of polymyxin B on the enzyme. The site inhibited by the antibiotic in the electron transport chain seems to be between coenzyme Q and cytochrome I'.
The protein content of the particulate fraction of polymyxin B-treated dormant spores decreased by approximately one-half compzred with that of untreated spores, and sonication of dormant spores in the presence of polyrnyxin B also decreased the protein content in particulate fractions depending on the antibiotic conczntration (Tables 1 and 4) . A high concentration of polymyxin B may therefore damage membranous structures and induce solubilization of membrane-bound proteins during fractionation even at low temperature. The decrease in total activities of particulate NADH oxidase and NADH cytochrome c reductase by polymyxin B treatment is therefore caused both by the decrease in the specific activities of the enzymes and by that in thc particulate protein content.
W ilkinson clt ~t l . (1977) have reported that a rapid chloramphenicol-resistant activation of certain membrane-bound respiratory ch..iin enzymes occurs in the first 10 min of germination of B. nicqyteriuui K M spores. The same phenomenon was observed also with the particulate NADH oxidase of B. subti1i.s spores (Table 2) .
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